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The 4G, Gonimte metastable state wae forned in ca py ge 
inelastie sexttering of monoergic fast neutrons on natural esdutun, 
The neutrons ware obtained by bombarding 0 14! target with nonoergie 
pretense from the Reekefelier generator at 41.7%, The presence of ax 
cited tevete in ca!" at qneretes of 0.720 5 0,080 Hew and 1.250 2 0,020 
New wae detected, The threshold for the fornation of the netantable 
state wis determined as 0.400 5 0,25 Nev, Therefore, either the 0, 120- 
Hew Level op tha 0, 396tiev, M8, 6-minute, metastable level vee excited 
direetiy, Bither an SeSerm QL w % nontron combines with oa”? 4, 
for: the compound nucleas which entts an 1 0 0 nentoon, tf the kt.6- 
ninute metastable state was exited directly, and that ts almost een 
tain, ite angular monentun fe either 12/2 er 9/2: the angular monentas 
of the x 1078 second metastable atate fe either 5/2 or 3/2: the 
parities of the tw metastable atater are orrosite to the parity of the 
grownl. vtate 1f the insening nevtren has | @ 31 ant the pavitios axe 
the came as the parity of the ground state 1f the ineaning neutron has 
Lod, 
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I, Ermonocrics 


The deteraination of the energy, angoler mementun, and par 
ity of exeited levels io nuclef is an (mpertant step tn obtaining 
information concerning nuclear strusters, 

These charseteriatias of exeited levele ean be obtained fron 
observations of transitions detveen specific excited states and between 
excited states and the ground state in nuslet, ugh traneitions often 
oeeur after a nuclear reaetion leaves the meleus in on extited state. 
Rowerer, these excited states ueually have vory chort lifetines, 

Wuclear ieonere are nuclei having the sane musber of protons 
ani neutrons, but differing in their etebility or acde of radioactive 
decay, The simplest cane of nuclesr isonerisa osours when one of the 
isoners ie a stable nadleus in ite ground state and the other ie an 
excited atete of the sexe melons, han an exeited state existe for 
&@ neasureble length of time, {t is called a wotastable state, Heta- 
stable etates differ from other exaited ststes only beeause of their 
@lower rate of decay, 

In 1921, Otte Hahn, the Gornen vadiochentst, produced oi- 
denge that uraniun 2 and uranium X,, doth naturally occurring nuclides, 
were ieetepie end isobaric, wt hed different radlosetive demay rates, 
Vor several yeers, this remained as the only mbetantiated ense of 
melear isomerice. tn 1935, 1% wae dheeovered thet the bombardment of 
3Pt”” vy vi0e neatrone produosd te teonwrs of Be vith different 
half-lives, Since that tine, sany exemplee of melear isonertan have 
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been Giscovered, Ag ueasuresent techniques teprove, mere redicactive 
muglides are being reclassified ae isomeric, 

Weleeacker provided the first theoretical explanation fer 
the existence of leomers, He showed thet by asnigning te the exeited 
state an angular momentum which differs from the ground state by 3 te 
5 unite and an energy of « few hundred Ellevolte or leas, a half-life 
is predicted for transition te the ground stete by gammaeray eniesion 
which is long enough te be cbheervable, 

laoneric metastable states reeult from interactions between 
high-energy X-rays or electrene and atable melei and from the muclear 
exeitetion which accompanies the inelastia seattering of alvha particles, 
deaterons, protons, or fast neutrons, Inelastic seattering of neutrons 
ie & convenient method of produeing exeited states in nuclei, tut eroea 
gactions for euch reactions are eaall, and large inherent backgrounds 
are ancountered, However, if the lifetime of the exeited state ie long 
enough, the transition to a lower state may be observed after the dean 
of axciting particles has been removed and after competing reactions 
have ied avay, ‘Therefore, the existence of netastable otates provides 
@ method of studying energy levels in nuclei. Comparison of the ex- 
perimentally obtained eroes section for the formation ef the eotestitihe 
atate in so particuler mucleus with the theoretical cress section for 
the formation of the same state often facilitates estimating the spin 
and parity of the metacteble state and of other excited levels in that 
macleus, 
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The half-lives of the various known ieomers ini from free 
tions of seconds te years, and there fe no qunlitetive 4ifferance bo 
tween an exetted state with a very short life and one with o lone life, 
Teomere have not bean found in melei having maee mubers below 3. 

The characteristics (half-life, exeitation energy, desay schene, con 
version ratios, ote.) of leoners of stable nucle! may be found in 
verious tabulations of nucleer date, meh ac Seaborg and Pearlman (91), 
Sullivan (92), end Nuclear Date WBS 499 (m1), Segre and Helnholts (83) 
have agsenbdled complete date on all but the woet recently discovered 
isomers, A careful murvey of their tables is required when selecting 
a yertiqular isomer for experimental investigation. The experinenter 
mast be mre thet there sre no ether radiations erieing from secompany- 
ing muclear reactions which serlovely interfere with the detection of 
the decay of the metastabdle state, 

When the activity of a metastable atate ie plotted against 
the energy of the exciting medium, changes in the elope of the curve 
eocur as nov oncttet levels of the stable auclens are reached, The 
exeitation eurve changes shape because additional hi cher exeited levels 
in the target nucleus become available for decay to the metnetable 
state ae the exeitetion energy inereases, and an ineresse in the erone 
seation for formation of the netnatable state ie produced, Wi edenbdeck 
(Wi, ¥2, W3, Ws) hae obtained auch exeitetion curves which indieate ox 
Cited levele that decay to the netectable state for Aut?! m9), git), 
and both isotopes of Ag, Wiedenbeck (WE) aleo reports excitation of 


fant sp GM inde ail 


the thresheld level alone in Au’! by vonbardment with fact neutrone 
of bread energy distribution, and he etetes thet the neutron threshold 
ie the sane as the one obtained in hie Xray work, 

Waldman and “iedenbeok (95), using X-rays ae an oxeiting 
medium, have reported a series of excited levels which desay to the 
metastable state in In’"5, Goldhaver, Nil), and Ssilant (01) have 
Gonfirned the extatence of a metastable etate in In’? wy inelastic 
scattering of fast neutrons, The netasteble state in In” has also 
deen exoited by Barnes and Aradine (B1) with protons and by Lari 
Horevits, Risser, and Saith (1) with high-energy alpha particles, 
Roth Gohen (C1) and Taschek (71) have obtained exeitation curves for 
tn!"5, ponbarded by fast neutrons which indtente only the threshold 
level, 

The quante employed in the foregoing work involving the use 
of X-rays were chtained by bombarding thick targets with sonosrgic cleo 
trons, Consequently, the trays were contimacus in energy distribotion, 
Prior te 1950, no experimenters had used monoergiec heavy particles to de 
termine excited levels by inelastic seattering for an arprecisble range 
ef energies above the metastable state, The use of either quanta or 
heavy particles with a substantial energy distritution regultes in only 
@light changes in the elope of the excitation curve at energy levels, 
Therefore, the exact location and sometimes even the existence of excited 
levels is subject to question, bel (31), using mencergic fast neutrons 
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ag a source of exeitation, leeated severe] energy levele in ayl?T and, 
tn'?5, the changes in slope of the wonoergie neutron exeitation curves 
at energy levele are proncunesd ancugh to inepire considerable eonti~ 
dence, All the lovele determined by Bhal appear to bea clightly lower 
than the cerressonéing levels previously determined by quantum exci ta- 
tion, This thesie deseribes the vee of Bbel's technique in investi geting 
the netastadle state and higher energy exetted states in ca”, 
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Segre and Helxholts (53) have precented a detailed review 
of YWelseacker’s theory of meclear ieoneriem, Another good survey of 
various theories of mueclear teonerien is given by Hole (21), Such 
theoretical quantitative explanations for the seasurable lifetises of 

metastable states are souplicated hy the dearth of detailed informa- 
ton about the meleus, Consequently, nany different nethods for 
ealeuiating half-livac of zetastable etates have been suggested, ench 
justified by different asaumptions coneerning the nature of the mp 
Glevs, Beth# (32), Hebb and Unlenbeok (#2), Lowen (12), and others 
have determined foraulas for predieting the probability of transi- 
tion from an exeited leve] to a lower level by gemmacray emission, 
Moon (01) gives a graph, based on « sieplifieation of Lowen's form 
la, of decay conctante vs. gawweray energy for various multipole 
values of radiation, Thie curve 1s a convenient method of setimating 
either the half-life, the mitipele orfer, of the transition enerd 
of a pertieuler gauma-ray tranaition when tho of three parameters are 
kmown quantities, 


The general theory regarding ganme-rey emission (selection 
rules, decay constants, spin, parity, ete.) ineludes trensitions from 
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the notastable atate, The quantua theory of radiation utilises the elas 
eieal concept of a radiation source as an oseilleting electric or xagnetic 
coment, The railetions are elassified as 2h @leetrie or magmetia di- 
pole, quedrupole, eetupcle, ete., where J de the angalar neuentun 
carried away by the ganna ray in unite of A, Sines the vector angu- 
lar momentum of the ayeten ia conserved in all auclear reactions, the 
eniaston of a gama vray by a nugleus changes ite angular sonentun ia 
 aggordanee with the multipole order of the radiation, The absolute 
difference in angolar somentun between two atates in a nucleus deter 
wines the lowest allowed multipole order radiation that osn ceeur in 

& transition between the states ({ .. = /t/-/I'/), Wigner onier 
maltipele radiations uw to { = /1/+/1"/ are powsibie, However, 
the probability per unit tine of radiation occurring deareases rapidly 
ie usally the only one which contributes appreciably to the transition, 
qunap’ that an alestrie 2 “lipete nay bo 6 eerions competitor te 6 
aagnerie 2! aera, 

The parity of a tate is onld te be off (+) or evan (+) de 
pending on whether 4 reversal of sign of #11 the coordinates of the 
gyoten dooe oy does not reverse the sign of the wave function deserib- 
ing the state, Parity, like angular momentw, 1° conserved in « nuclear 
reaction, The parity of even eleotrie and 044 segnetic multipoles ie 
taken a0 even (+) and the parity of off electrle and even nagetic 
mmitipoles to teken an odd (-), Therefore, if txo states heve the cane 
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perity, a trensition between then involves only even electric or odd 
maenetio maltipole orders, and if two states have eprosite parity, the 
transition belweas then involves only edd electric end even nagestie 
maltipele orders, 

The importence of the enguiar momentum and yerity seleetion 
mnleoe te manifeste! in the long lifetime of . metastable state, 
- ‘Jaternat ¢ r 
| A muglews in an excited state asy spontaneausly change to 0 
otate of lower energy by eaitting © gamma ray of energy equal to the 
energy difference between the two dtates or by civing this inerement 
of energy to an atonie electron in one of ite own shelle, hie “tn- 
fermal coavercion"” electron ia sjeeted from the atem with a kinetic 
energy equal to the corremending quantum energy lees the atomic hind 
ing energy ef the electron and the energy of reeoti, Originally it 
was thought that the energy of the nuclesr trenattion wae first enitted 
ee a gua rey, viteh then ejected a phete-electron from the atom, 
Taylor end Nott (71) showed that ¢aternal conversion fs acteally a 
prinery rather than secondary process and is due to the @irect inten 
aetion of the mveleuc with ite own electrons, Therefore, the proba- 
vility per unit tine ef deony of an excited ctate may be the eum of 
«the prededilities of the competing genme~ray enieacton and interne) 
sonversion inatead of the probability of gaem-ray eieaion only. 
The probsbility of internal conversion may be even grester than that 
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of gamse-ray emiesion, The efestion of the conversion electron 
eauees 6 Vacaney in the electronic structure of the ston, and there- 
fore, 1% is followed immediately by the extusion of characteristic 
Kupays of the element in queetion, 

The conversion coefficient is the ratio of the rate of 
emiseion of conversion electrons to the rate of emiseion of ganma 
rays, The total rate ef electron emivcion is the au of the rates 
for the various atewie shelle (4, 1, ete.). The conversion eceffi- 
cleat is complicsted to caleulate theoretionliy and difficult te 
determine experimentally. Daneoff and Morrison (D1) have obtained 
an expression for K-electron conversion esefficiente which treats 
the ejected electron nonrelativistically and heave alee obtained an 
apprexinate reletivietic expreseion which neglects sleetron binding 
energy. Another source of Xeehell internal conversion coefficients 
is en extensive teble which hae been privately distritated by Rose 
(81). The ratio of the K-shell to the Leshell conversion coefficients 
ie relatively easy to determine experimentally because 1% is only 
necessary te compare the intensity eof tye lines in the sane electron 
epectrun, Gomparteon of experimental and t*eoretical K/L ratios 
affords a means of determining whether @ gemma~-ray trensition is an 
electric or magnetic sultipole. 

Anel end Dancoff (41) have found good agreement between the 
experimentslly determined lifetimes of sbout %) isomere and the the- 
oratioal lifetimes predicted by the Wieseacker hypothesis and corrected 
for internal conversion, 
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Exeltation of « meteatable atete in a aucleus by bonbkard- 
dng the meoloan vith fact neatrons fo 8 special ense of inslestio 
| f ‘eeattering of fact neutrons, The preeecs ie shown diagrammstienlly 
| fm Hiqure 1, Boubarduent by noutrons vith Lee energy thas the en 
| ergy of the firet excited state of the target meleus, 2, results 
dm simple elastic seattoring, ant the meleus is left tn tts ground 
hate, If the neutron energy is higher than %,, the coupound melens 
/ own Gegay to %, of to the ground state of the target meleus, The 
| Yowoat neutzon enavgy eapeble of Leaving the target mualens in ite 
| farat axetted stato is the energy of that otate, The netaatable 
«State generally is only « few hundyed kilovelts sbove the ground 
| plate and will be one of the fivet levels to bo exalted, The eclea 
| don rules watch provost the repid deosy of a notastable ctate nay 
alae provant ite ready exettation fron the ground state directly. 
| Mange doth selection rules and energy requirenente mst be satisfied 
| dm melear reactions, {t nay be neosseary to excite a higher ensray 
lerel which will deesy by gowmee-ray esiesion to the netastable otate, 
‘Figure 1 chove the direct and indivest usthods of producing state 
2, (nosuned netastabie) in « hypotheties! moleus, The methed which | 
actually produces the netestable state depends on the specific salec- 
tion rules whieh operate, 

The erosa section for exelting « metastable stete ia the 
product of the oress section, c 4, for exeiting the compound nucleus 
and the probability, Wy that At will decay to the metastable state, 
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Figure | 
SCHEMATIC DIAGRAM OF NEUTRON SCATTERING 


Blatt ani Welsskepf (33) have derived an expression for 
the cross section fer the formation of the compound meleus by neutron 
donbarduent es @ function of neutron energy and the orbital angular 
mnouentun, q » of the incoming neutron relative to the target nucleus, 


The expression ist 


Solr atake neh ey, 


K « yare length of the ineident neutron, 
ss] # traneuiseion coefficient for a neatron through the 
nuclear surface, 
Aesusing there is no potential for neutrons outeide the target nucleus, 
the transmission coefficient is: 
Je i’ ' 

z= Ry k @ neutron wave nunber outside the nucleus, 

Xo ER; K = neutron veve number inside the nucleus, 

BR suclear radius, 

¥,* factor degrading on 2 eat |. | ; 
Methods for cowputing K and v are given by Blatt and Yeleskepf, 

The probability for decay of the compound nucleus to 4 given 
_ @moited state of the target mucleus may be determined by utilising the 
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So (4 — 3B) a C_(3 —~ A) 
(X,)* (X,)" 
which relates the crose sections for transitions in both directions 
Detween two states, Considering neutron emiasion ae the only method 
of decay, the probability of the compound nuclei decaying tc a state 
having energy EB, above the ground state of the target nucleus compared 
to the 2 ether states having energies 5, above the ground state ist 
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whore 

gh Bee s} ) = ereee seetion for formation of the serpound 

nucleus from level { , 
SZ = energy available for decay of the comound meleus to the 
ground state of the target anelae, 7 

fhe crows section for the formation of the notastable etete cannot be 
acourately computed unless the cross nections for the formation of the 
Sompound meleus from 411 possible levels in the target meleus sre known, 
The esleulation outlined above epplies specifically to the case where the 
metastable state ie formed only by direct teney from the compound naneleas, 
In many cases the compound nucleus will decay to an intermediate exatited 
atate, which thea deone to the metastadle state, when this condition 
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exists, appropriate corrections, iovelving probabilities of fanma-~ 
ray exiesion, cunt be applied to the shove oalealation, 


: During the process of Inglastie scattering, a target macleus 
may sbeort fron any incident neutron the energy veetiret to ratios ite 
self to an exeited state, providing the neutron poeaeeses kinetic anergy 
eqaal to or greater than the anergy of the vartlceular axcited oatata, 
However, for the casa of photons, profaction of en egolted vtate in a 
Ronget wmalews involves Line abeorytion of only photons of the aane 
_ mongy on that of the axcited state, he 
| then a netastabte state Ls prodoed in a maleza, the axatte 
ing mafiwa mat anrry in the angolar momentun reacufred to change the 
ein of the misleus from that of the grown’ atate te thet of the meta. 
eteble state, Dirent proidmetion of s netasteble atete by quanten 
exoltaticn is very iaprebable beawmea the anne solention males which 
ineure the long Mifetine of a metastable state also prevant the meleus 
from absorbing radiation eorreronding te a transition from the ground 
_ tate to the metastedle stata, Under ech « linttation, netavtabdle 
etates, produce’ by praetionl tatenaltieas ef pheton bembardnent, mot 
‘be formed in tw stope, A DMigdy exalted state of the nucleus is 
produced, which then decays vr ganme-roy transitiens, A fraction of 
thene decaye ie to the metanteble etate, 

Neutrons have 4 higher prebedilitr than marta of scarring 
into the target melee the 3 or 4 unite of angular monentun uevally 
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required to excite the setantable atate direstiy fron the ground wtate, 
Boel (31), using soncergie fast neutrons as bombarding particles, was 
able to exeite the aetautadle state directly from the ground state in 
in? wat not in tn, ce course, neutrons have « greater probability 
of carrying only one or tuo unite of angular monentun Late « target 
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Tho 14!(p,n)Be! reaction, whieh gives a relatively high 
yield of nearly monoergic neutrons, was used as o source of fast 
neutroene for thie experiment, If neutrone of known and constant en« 
ergy are to be obtained from thie resetion, the energy of the protens 
mst be securately known and mast remain constant throughout indi 
Vidual exelfation runs, Protons with the required characteristics 
were obtained from the %. 1,7, Reckefeller electrostatic generator, 

The 1i'(p,n) reaction 40 endoergic, having a Q value of 
~ 1,63 Hew, At ite threshold, 1.88 Mev, 1% supplies 0.029-Her 
neatrons in the forward direstion, 

The target was prepere’ by oveporating metallic lithiun 
onte @ tentalua dacking, %o insure a uniform target thickness and 
to prevent boiling off of the lithius during generator operation, 
the tantalum backing was located encentric to both the lithiun fur 
nace and the proton beam and was continucusly retated during target 
preperation oy proton bombardment, The vacuum, which is anintained 
in the accelerator tube and deflection chanber, prevents the lithiun 
from being oxidized, Target thicknesses were deterained by Taachelc 
and Hemendingar's (T2) method of assuming the thickness in Sev to 
equal the energy increnent between the neutron threshold and the 
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first (geometrical) peak of the yield curve fer sero degrees, The 
tantalum Decking stops 411 the proteas, bet dees not react with neutrons, 


Rockefeller Generator 

The unanalysed beam of charged particles consists of protens 
andi diatomic and triatemic hydrogen fons. The aceelerating tube ic 
kept under vacuum, so that the fone suffer very few collisions and are 
nearly monoergic. The voltage across the terminals of the generator 
determines the energy of the beam, After passing down the accelerating 
tube, the proton beam is bent through 90 degrees by an analysing mag- 
netic field. The beam is foeused at the top of the tube by a lene of 
adjustable voltage. Its efoes section is defined at the bottom of the 
tube by two paire of crossed adjustable slite, Phe detaile of the prin- 
ciple, operation, and use of the machine have been well covered in the 
litereture (31, v6, Pi). 

A nuclear-resonance method is used for controlling the field 
of the analysing magnet. Thies sllewe fine control and accurate meas- 
urement of the energy of the proton beam, The frequency of the anclear 
Pesonance ie measured and ie related te the energy of the protons in 
the beam by the expression (Sehoenfeld and Duborg (94), Hadden (43) ): 


Be xe’, 


Ze proton energy, 
f= frequency of nuclear resonance, 
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Lavington (13) gives the totel uncertainty 42 the proten energy aa 
= § Kev, 

The neutron energy nay be caloulated using the nessured 
value of proton energy and the lews of conservation of mass-energy 
and momentom, A table of neutron energies correrponding to various 
proton energies hae been calewleted in thie wenner by ¥illard (v6) 
and wae used by the author for this investigation, 


The yield of nestrona wae meceurad with a long counter sine 
ilar in design te that of Henson ant Moibban (#4), his counter is 
shown in Figure 2 The estniom shield prevente neutrons of very low 
energy (omltiply eesttere’ fron the floor, walle, ete.) from entering 
the paraffin, end, therefore, most of the neutrons which reach the 
central BF, counter have only therae] energy. Szperinents have proved 
that these cheractariaties of construction, tagether vith the eorredt 
combination of physieal dimensions make = counter of thie type equally 
sensitive te a1] neutrons with energies between 6.5 and 2.5 Mew (4, 
W6). The counter used during this investigation decrenees in relative 
sensitivity for neutrone with energies helow 0.5 Mev, as shown in 
Figure 3 (¥6). 

The associate’ electronica equipment eoneiated oft 

(a) Regulated high-voltage supply (FH. 1.7% Servomechant ane 

laboratory, Blestronia Nuclear Inetramanteation Project), 

(b) Hedel 100 preamplifier, 
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(e) Model 100 amlifier, 
(4) Model 105 Atemie Instrument Company decade scaler. 
Ttema (b) and (¢) are deseridbed in detail by Blmore and Sands (2), 


Seintiliation Counter 
The decay of the metastable state was detested by means of 

“@ seintiliation counter, The counter consisted of an RGA type 5829 
photomultiplier tube with an enthrecene erystal cemented to ite win- 
dow with Canada delean, The eryetel wos approximately 1 1/2 inches 
im diametér and 5/16 inch thick, In order to inereese the light re- 
flection inside the eryatal, ite expesed sides were covered with 
0,00025-inch aluminum foil. 4 0,04-inch mu metal shield, for the 
aiewees of vebening shee enqutte fiatia wurrounded the sides of 
the tube and the eryetal. The entire counter was encased in a 53-inch 
lead shield, which reduced the background due to stray radiation, 
The lead shield was aleo light-tight. A dBrase slider, extending into 
the lead shiel4, permitted repid and convenient changing of experi- 
mental samples. The slider contained a circular cavity, for receiving 
3-em, diameter foile or disks, which positioned the sample in line 
with the axis of the tube and about 5 mn, from the erystal. 

, fhe output ef the photetube is extrenely sensitive, even 
%o very emall fluctuations in input voltage. Therefore, if comparadle 
vemlts are to be reproduced over a period of time, voltage stability 
ie necessary throughout the electronic setup assoeiated with the sein- 
tilleation counter, ola constant-voltage transformers were ueed as 
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sources of power for all electronic unite, end « especial voltage 
atabiiiver was inverted between the high-voltage sumply and the 
phototube input, | 
The power for the phototube wae supplied by a regulated 
high-voltage supply of the type described in the previcus seation, 
The photetube signal was fed through a eathode-follower preamplifier 
into a Model 100 amplifier (82), The output from the amplifier was 
fed inte a Nodel 210 (ecale-of~32) single-channel differential dis- 
eriminato? vhich had been altered in themnner deseribed in Appendix A, 
The reproducibility of resulte given by this equipment was 
established by counting the decay of radioactive oteaderds at frequent 
intervals during the investigetion, 


Elatinus-Sereen Counter 

|  & platinun-eoreen gamaa-ray counter, which ia currently used 
by the Radioactivity Center of the ¥.1,%. Physles Department for de- 
termining adeolute disintegration rates, wae employed to obtain the 
abeclute rate of eniesion of ganna rays by a sample of tig’. the 
counter ie similar to the platinum-ecreen counter investigated by 
Peacock (P2) during his determination of gema-ray counter efficiencies. 
The standardized age? sample wae needed for eatinating the efficiency 
of the scintillation counter, 
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Nattagh, the Austrian physicist, hae postulated tve rules 
regarding the exietence of netasteble states: 

(a) Teomerten does not ceour in nuclei heving an even 

sumber of protons and an evan number ef neutrons, 
{b) Isonerien eceure only in muclel whateh have ground- 
state spine of 1/2 or 9/2 or greater. 

ry? on even~even mnolens, is useslly veperted as having a 
Gé-ninute notactadle tate (not definitely established as teomerie) and 
appeavs to violate rule (a). AuQ??, naving ground-state epin of 3/2 
and a 7. S-seoond metastable etate, riclates rule (>). Kowefer, such 
fules should not be expected to be without exeeption, and they at least 
waggest possible iseseric melel for e given mace masbar. 

ca"), vith a ground-state apin of 1/2, conforms with both of 
Mattuch's rulse, Therefore, it wae not surprising that Wiedenbdeek (¥7), 
in 1944, reported the existence of a Mf, 6-ninute netestable state in 
ca"), vietendeck erroneously Ceternined thie energy te be 0.195 Kev 
above the ground state, Hole (M1), in 1947, determined spectrographic- 
Ally that the energy of the metastable state wes 0.381 Mev above the 
ground state and that it decayes by gemma emiesion te # level 0,235 Mev 
eve the ground state, which then desayed to the ground state by ganna 
@ission, The currently aceepted values for these levele, 0.396 Mer and 
0,247 Mev, were determined by Beluhelts, Enyward, and HeGiante (25) with 
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a magnetic lens svectrogrash, Geldhsber and Muelhause (42), by ob- 
serving the (n,7) resetion in G4”, nave confirmed that the i, 6- 
ninate netastable state existe in a""*, neutech (D2, D3) subeoquentiy 
determined that the 0, 21]-Ner axeited level decayed with a half-life of 
6 x 207" second, and thie level hae been reclaceified as a seeend aete- 
stable state in 04”, gnerefore, this isotope fe unique because it 
is the only steble nueleue onrrently known to have nore than one 
netastable state, 


Figure % to an energy level diegran for 0a**?, it eontains 
all of the currently published information (11) sbout the decay of the 
eaaited states of the auclene and about the decay of neighboring tae~ 
topes to 0a’ vy eta extsaton and K~capture, The presence of the 
four highest exeited levele wae indicated ty Wedenbeck!s (¥7) exel~- 
tation curves for the kf,G-mimte motestable state, Be obtained curves 
for voth X-ray and electron tombardzent of 04°", the threshold energy , 
ebeerved by Viedenbect for production of the metastable state was 1.25 
Mer for both types of exeitation, 

The theoretiosl half-lives against dessy hy gamma-ray enis- 
sion of eereral different multipole eriers for beth netastable states 
of 64"*? nave been calenlated by the author using various formulas 
based on the Wessacker hypothesis, The half-lives obtained by these 
are presented in Table I, 
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A comparison of the axperimentally determined 48, 6mimtte 
half-life of the 6. 396-iev level with the theoretical half-lives sorrac 
tod for internal conversion indiester quite elesrly that the transition 
fron thie level to the 6,24 7ster level 4« by eleetrie 2 -pele or magnetic 
eotupole radiation (/\ ah), the aentgnnont of A « h te the 0.2M~ 
Mew trenaition coincides with the multipole order designated by elmhelts, 
“Hayvard, and He@tonta (85) and by Axel and Danoot? (41) for this trane- 
ition, A similar compartoon for the tranettion from the 0.27=Her level 
to the ground wtate (Tro ga, * 6 #20 poennd) indicates that A te 
2 er 3, Wet does not eliew «© raliabdle aestgment of @ specific value to . 

A enevleige of the half-life alens feos not allow determine 
tion of vhether « gamma-ray tranvition involves ar eleetrie of « mag- 
petite miltipole, vet a comearteen ef experimentally obteined EK or L 
tonversion coefficients or the %/1 vette of the cowffieienta with the 
eretionlly caleulated values of the ome quentities may factiitate ech 
a determination, Table IT giver currently accepted experimental and 
values of /\ for transitions from both metastable states in 04-7, me 
theoretical values were calewlated from forwules developed by Daneoff 
and Morrison (D1) or vere obtained from tables or graphs, based on theee 
formes, prepered by Bebb anf Neleon (16), Table If indieates with re 
Miwble certainty that the transition from the 4S, 6—nimte level te by 
srnctrie 2'~pole radiation (the same assigunent has been made by Helmholts 
@t ai, (35) ). Tf the transition fron the 6 x 107 °-sesond level is of 
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TABLE 17 


DATA O8 INPuRRAL conrmesrow oF cat) 


Saperinental Theereties) 
Reetric Magneatia 
a. ae 5.63 3,40 
" a ws 4, 28 6.05 0,66 
Ld 
“fa, 1,80 0.906 5.08 
» neta a 0,0058% 0, 0022 
N\ « 2,00 “ju, 00 6.7% 1.22 
at %y 0,09 0.437 0.077 
oo ~. om 0.0185 0.0122 
A 9 jae Spja, etd 6.3 6.90 


a, © EK shell internal convercion coefficient. 
& © L shell internal conversion coefficient, 
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the A « 3 type, Table II indiestes that 1¢ te probably by magnetic 
quadrupole radiation, bat if /\ » 2, the teble faile to indieate 
specifically whether the transition is by sleetrie quadrupole or nag 
netie dipele radiation. The difficulty of aeaigning the correct 
multipole order to this transition 1¢ @mhasized by the contradictory 
reports in the recent literature conesraing thie treneitioen (02, #1, 
#5). 

A uetastedle etate is defined ae eny exeited state hearing 
&@ measurable lifetine, “eiseasker chowei that assigning an angular 
monentum to the metasteble atate differing by 3 to § unite from the 
angular momentum of the state of lower energy to whieh the netacteble 
wtate decays by gamma-ray eniasion justifies theeratioally ite ob 
proved eo much since elgsacker qugceeted hie hypothesia thet decays 
of excite! staten with very short lifetines are now dstectable, There 
fore, iscners vaich have recently been (¢ x 107° secon Ga”) op tn 
the near future will be reclassified as metanteble sey have angular 
monentum differences less than 3, heeause of their very chort Lifetimes, 

Pigere 5 chowe #11 the poesible covbinetions ef angular 
nonentuns for the ground and netantable states of G4""" tor those 
deasy schemes welch are indiaatel by 4 coomerison ef theory and a 
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Whether a datectable ancunt of eetivity of « metastable 
state may be excited er not depends on the cross seotion for the 
foruation of the metastable atate by the particular tyre of exet- 
tation process employed, The cross section for the formation of a 
metastable state by the inelastic seattering of newtrone Le usually 
Very small, The esse with whieh the decay of » metastable state 
mur be detected decende on the anergies of the genase raya ant alee 
trone axittel during the deoay and on the emmeltivity ef the detee- 
tion equipment, Therefore, high backgrounds or mubetantiel amounts 
of interfering radicsctivitios cannct be tolersted. Possible sources 
ef background during thie inveatigation were stray radiation from 
auglear machines, seurces, ete,, soemie radiation, light leake, and 
themal exission in the vhotemitiplier tube iteelf, Pricer te the 
egtual experinent, considerable time wae apent in reduging te 4 
miniwen the ancunt ef wacigrownd available to the eryetel ani the 
photetube of the scintillation evunter, Interfering radioactive de- 
Gays, which may aecompany the decay of the netacteble atete, reamlt 
from nuclear reactions initiated in the impurities er other isotopes 
present in the sample by the bombarding neatroas, 
for use ae a counter in thie experiment decanuse it counts only aoti- 
vity of the particular energies te which its window ie sencitive, It 
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was five tines leas sensitive to background than an Atente Tastrunent 
decode cesler, vhon beth inetruments were axunting the same beekgrwond 
simultaneously. 

the experimental samples were nade from highepurlty eousen 
etal osdniun sheet uomufactured by the Balaont Snelting ond Befining 
Gonpany, of Yemrk, Wow Jeresy, A spaetrescopia analysis of this 
Gadaiue indlented that {t contained shout 0,2 per cant eopper ant 0.1 
per cont lead, but no impurities were present in sufficient quantities 
to interfere with detecting the decay of the metastable state, Unfom 
tunately, the teoteps, ca", te only 12.6 par cont abundant in natural 
¢afinmius, Table III contains deta on all the stable Leotopes of cedniun 
mb jected te basbarinent ty noutrens of the energies used in this ex- 
periment, Decay of 687°? ana ca”? 6 not important docmnee the per 
eent shuntanse of 04° ana ca™ tn naturel cadniim te se low, Mo 
renction betveen 0a” ana neutrons of moderate o lesser ensrgles hes 
been observed, 0a!”2 ana ca” gee stable molides, 90 no further 
muses? reactions omit fron neutron ompture by 6a?" ana ca™?), 
Therefore, the only possible reactions vhich ney interfere with detec 
tion the decay of metastable *0a""" gored from stable Ca" axes 

(a) The formation of netestabie *0a'* tron oapture of 

fas neutrons by ca”, 
(b) The fometion of netectsble *C4" ¢vom inelastic 
eoattering of fast neutrons by 42, 
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(e) The formation of unatadie Ga”? ana cgi? from capture 

of feet neutrons by ca” ana oa, 

(4) the formation of *0a™™*, og™5, oe ca!T wy capture 

of thermal newtrons, 
Waye of proving that these interfering reactions are unizpertent or of 
correcting for their effect will be deserlbed in later sections of thie 
chapter, 
ating the caduiun samples, The 46, 6-ninutes half-life of the 0, p6-Nev 
netastable state in Od” yemitted locating the counting equipnent 
remote from the site of the irradiation, Migare 7 shows the setup of 
for detecting the decay of the M6, G-ninute netastadle state, 

The long half-lives of some of the unstable isotopes of ead- 
mium vhich recult free seutron cxpture preverted reusing a saxple until 
approximately two weeke after a previous irradiation, The 25 samples 
used during the investigation ware eadmiw: disks 3 om, in diameter and 
1,626 mm, thick, The anee of the disks varied between 10,015 and 10,045 
graeme, Relatively heavy diske vere used rather then light, thin feile, 
in order to inqure the pro@uetion of « significant amount of setivity, 
even though the croas seetion for the fomation of the netastable state 
was Vory amaill, 

During these experinental rune whieh were used to obtain the 
exeitation curve, the disk wae positioned by an aluminuz holder with ite 
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Figure 6, Arrangenent for irradiating the cadmium éiske, 
thowlng the magnet and chawber of the Rockefeller genereter, the 
tantalus-dacked lithiun target and the aluminas disk holder. 
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Figure 7. ‘Setup of equipment used for detecting the decay 
of the metastable state, showing the high-voltege power supply, voltage 
stabiliser, lead-sheathed scintillation counter, eathode-follower pre- 
amplifier, amplifier, 4ifferoential diseriminater, and decade sealer, 
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was eperated at 1050 volte, end the coarse and fine gein settings of 
the awplifier were 9 and 7, freepectively, The operation of the an- 
plifier in conjonction with the differential discriminater was iuproved 
by aiding a one-microsecond delay line clipper to the amplifier cireait, 
Preliminary experiments indiested thet this combination of adjustments 
to the counting equipment gave the maximum ratio of desired deany 
counts to background counts, The window ef the 4ifferential diseri- 
ninator was adjusted to count preferentially the decays of *0a""* ana 
te discrininstes os mach as poesidle against eny other interfering 
decays, The sotusl width and leeation of the window were sugh that all 
pulses between 6 and 26 volts were counted, ‘The eetivity predueed in 
the ssnple increased as the energy of the bowbarding neutrons inereaned, 
and the mumber of background counts varied from 50 per ceat te 4 per 
gent of the total counte, depending on the activity eof the sample, The 
nunver of acintillatica-counter counte oecurring during the i4-mdaute 
counting period wae regoried for each sample, 

The indueed eetivity in the sample (seintilletion-counter 
gounts/long-counter counte) wae plotted sgainet the maximus energy of 
the neutrons traversing the semple during an irradiation, This neutron 
exeitetion curve is shown in Figure €, The portion of the eurve belew 
& neatron energy of 0.8 Nev has been adjusted, as indieated by Pigure 3, 
for the decrease of long-oounter sensitivity at these lower energies, 
The svift rise of the curve at energies just sbove the neutron energy 
associated with the lithium threshold may be due te the decrenee in 
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center in line with ond perpendiculer te the proten bem and at « 
distance of 4 om, from the li¢htum target, The holder was made frou 
aluainus because alueinun Le slmoet completely tranevarent te neutrons 
of all energies, The dicks were irrediated for periede of one hour 
vith moncergic asutrons of various energies obtained from the 14!(p,a) 
 *Pengtion using « 60 Kev thick target on the Rockefeller generator, 
Fifteen minutes after the end ef the irradiation, the railosetive de- 
eeys ocourring is the diske vere counted in the scintillation eounter, 

if the different pointe on the exeltetion curve are to have 
comparative values relative te each other, the neutron flux traversing 
the sample must be uniform over the entire period of each irrediation. 
Several times during this investigetion the Rockefeller generator op- 
erated unasticfactorily and the proten beam wae unstable and sporadic. 
Rune whieh were serred ty lengthy interruptions of the neutron flux 
were of little value. 

The relative suzber of neutrons traversing the sample for 
the different pointe on the axeitation curve wae determined by the long 
counter described in previous section, The counter wae set up one 
meter from the target and at sero degrees to the proton dDeam, The 
muber of long-counter counts occurring during each irradiation was 
recorded, 

Tifteen mimtes after the end of the irradiation, the decays 
occurring in the semple were counted for a period of 44 misates by the 
seintillation counter, During thie investigation, photomltiplier tube 
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leng-eounter sanaltivity st very low energies, « region shout whigh 
Figure 3 gives no inforwation, Alternatively, is say be due te a 
sharp inereses in the croes section for neutron expture by seme of 
the cadmius isotepes st very lew seutron energies, Fines this cen- 
@ition cocure at neutron anerziss well belew the energy of the 44,6- 
minute metasteble «tate, regelution of the qeestion ia net pertinent 
to the investigation of the aatastabdle state, The stotisties en- 
countered in obtaining the date for the axeitation curve represent 
aa average uncertsinty of 2 per cont in the value of the oniinate, 
The significance of the two sharp chenges in the slope of the curve 
will be discusesd after the curve hae bees corrected for iaterfering 
Seoays and for the newtren energy apread resulting from the finite 
target thickness, angularity, ete, The existence of these breake in 
the curve vas eonfirned with eorteinty by the fact that thelr location 
wae reproduced by a second set of date obtained three months after the 


firet set, 


The l-ninute interval detweon the end of the ipradiation and 
the Deginning of the WS-ninute counting period allowed any 2, }-aimute 
metasteble "C4" te decay to a negligible anount before the setual 
eounting wae started and also provided the tine neceseary for trane- 
porting the sample from the target room of the Rockefeller generator to 
the leaation of the counting equipment, 
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The shape of the fundewentel excitation curve Between nontron 
energies of 0,3 and 0.7 Hew valees » mepielon that the oorve really 
Yepresents the mac of several activities with different half-lives, 
Therefore, an irradiation identical to these deseribed in the previous 
section was wade, ani the decay of the sample wae follewed until the 
activity was decrensing at « very slow and uniform rete, Figure 9 is 
& graph of the totel activity of the sample agsinet the tine after the 
ead of the irradiation plotted on semi-log coordinetec, The deesy 
graph of on activity with « elngle helf-life should be « etraight line 
when plotted on euch coerdinates, The curvature of the plet ceafirns 
the suspleion that the total activity eonslets of twe or mors eepa- 
wate activities with different half-lives, Aceording te the previous 
section, the possible components of the total activity are 4f, 6-ainute 
oa) o sjeday od)", upany ca™99, ana 2,8-nonr ca™2?, 

Singe ne sedivity was sbacrved in the sample two weeks after 
the irradiation, the existences of the 43-day activity was ruled out. 
The shape of the decay aurve 20 hours after the ond ef the irradiation 
was whet would be expected for the decay of the 2, 3}-dey activity alone, 
This activity was cubtracted grophically from the tote) deeay curve, 
The slope of the right-hand portion of the remilting carve confirmed the 
presence of the 2,%-hour activity, Separation of the 2,%-heur activity 
in a similay manner revenied thet the remaining antivity decayed with 
a M4, G.mimte half-life, This graphical method of half-life separation 
ie illustrated in detail in Figure 9. 
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Sixteen additional irradiations were nade throughout the 
range of neutron energies covered by the uncorrected excitation 
garve of Figure & %inee radivcactivity decays aceording te an ox~ 
ponentis] law, the amount of activity reanining five half-lives after 
ite production ie « negligible fraction of ite initial value, There 
fore, the amount of 46, 6-ninute activity remaining six hours after 
the end of the irradiation ie negligible and the anount of 2, $-hour 
activity remeining 19 hours later ie ales negligible, The decay 
warves for each irradiation were extrapolated to sere time, and the 
total setivity wae reed from the: at 0, 6, and 25 hours after the 
eni of the irradiation, Sine it has been definitely establiched 
that only three separate activities exist, the knovledge of the 
total aetivity at these three tines affords a means of computing 
mathematically the initial induced activity for each separate half- 
life, Eext, the appropriate Bateman equation for eseh radioactive 
decay wae integrated betveen the limits of 15 and 60 minutes, The 
total mumber of denays of eagh activity ooeurring in the ¥5-mimte 
eounting period was obtained by substituting the specific values of 
initial setivity in the proper equations, Finally, thie information 
was used to express the integral quantity of each separete setivity 
as a fraction of the total activity observed during the '~niaute 
gounting period, Figure 10 ahows the varying shape of the total de- 
ay curves for substantially different fractions of 4S, 6-nimnte 
activity. 
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Figure il contsine the separated exeitation curves for the 
three different activities detected by the seintilistion edunter, The 
magnitude of each activity wae obtained by multiplying the ~rdinates, 
at the proper agtron energies, from the fundamental exeitation curve 
of Figure @ by the fractional volues ealeulated for each of the 17 
half-life separation rons, The probable error in the ordinstes of the 
carves of Figure 11, which ie primarily due te the poor statietics at 
the lowactivity ond of the half1ife separation deeay eurves, is 
estimated ae approximately 5 per cant, 

The possibility that some of the activity detected may be 
dus to the capture of thermal neutrons must not be overlocked. The 
source of thermal neutrons could be the multiple scattering of fast 
neutrons fron the walle and floor of the target reom, Dempster (D4) 
has determined by mass spectrography that C4"? 49 the teotope of end~ 
miwn mainly reeyonetbie for the absorption of theres) neutrons, veyer, 
Peters, snd Schmidt (x2) heve aleo reported that their ersss-sestion 
determinstions for enriched cadmium isotopes indientesthat absorption 
of thornal neutrons dy 221 the isotopes of cadniun exesst 642” 46 
negligible compared te the eepture of therusl neutrons by C4", me 
previous section hac already pointed out that the capture of neutrons 
of any anergy ty 0a”? is unimportant to thie investigation, because 
oa" t9 stevie and no interfering decays roeult, The conelusion 
that the capture of thermal neutrons in general is anisportent was 
reaffirmed experimentally during thie investigation, An irradiation 
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wee meade on a sandwich of thvee identicsl eadmius diakes. Deeny curves 
for en outer disk whieh wee axpesesd te any beak ground of thermal neutrons 
which may have existed in the terget reon amé for the center diek whieh 
wan ehieléed from ach « beekground were ecual within etaticties, 

an aceurate detersination of whether omy of the 48, Guntmute 
netectadie Ga’) yas being formed YY the absorption of fast neutrons in 
6a'*” snetend of ty the inclestio scattering of fast neutrons by ca*?, 
wae impossible, Yowever, the relatively sutll amounts of 2, 8-day and 
2, 33-hour activities observed and the danrth of the if, f.mimte anti. 
 Wity in the vicinity of « 0, Kier neutron energy indiestes that the 


evees seotion for this carture resetion is very onal] in an anergy 
range covered by thie investigetion, Therefore, the effect of neutron 
capture ty ca?” nas been neglected. 


The ehergy resolution of the abeaiseas of the excitation eurves 
obtained during this investigntion may be affaeted by three factorat 
flugtuations in the energy ef the proton beam, the thickness of the Lithiu: 
target, and the dependence of neutron energy on the angle of neutron 
elesion relative te the direction of the proton bess, 

During thie axperiment, the Aockefeller generator was operated 
with a totel exit 01% opening of ene ws, Sugh on od fustment of the 
dean defining slits, together with other eharaeterictios of the generator 
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whith gentribute slightly to fluctuations tn the proton energy, causes 
@ spread in the energy of the protons otriking the lithium target of 
lees than § kilovelte, The sprend in aoutroe energy resulting from 
this resolution in proton energy reletive te the spread in neutron 
energy cauend by other reasons le very smell, in faet, it fe preb- 
ably esniler than the prebsble error in the determination of the thick 
ness of the lithius target. Therefore, ita effect has been neglected, 
; Beeause of the low cross section for the formation ef the 
metenteable state, it wae necessary to use a thick lithiue target and 
to place the sauple close te the target, ft order to exelte a sig- 
nificant snount of sctivity in the semple, This procedure involves 
@ seerifige in the resolution of the anergy of the neutrons travers 

A target with a thickness equivalent te 60 Milowlte of 
proton energy vas used to obtain the excitation curve shown in Figure 4 
The method of determining the tarret thickness ie deseribed in Chapter 
Iti, The neutrons produced in a target of finite thickness follow a 
rectangular nusber-anergy distribution, The average spresd in neutron 
enersy Pemilting frou the -rilevelt target (expressed tn proten en 
ergy) ie 50 kilewelts, 

The 3-om, aadmiu: diske were loeated 4 an, from the Lightua 
target during the irradiations, With the sample st thie position, al) 
the neutrons emerging from the target between the angles of O and 20,6 
degrees strike it. The spread in neutron energy, dus to aulavion angla, 
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varies fron 25 kiloevolte at a neutron energy of 0.4 Nev to 4% Eilovolts 
at 1.4 ev, 

in Figures 8 and 11, the activity induced in the samples is 
plotted against the maximum energy of the neutrons producing it. It 
ie desireable to correct these curves so that the induces’ activity is 
plotted against the mean energy of the nentrons producing it. Wiliard’s 
(w6) curves of neutron ylelé from the 14'(p,n) reaction verse angle 
of neutron emiesion indicate that the yield is nearly constant for 
angles up te 20 degrees in the energy range of thie investigation. 
Therefore, it was assumed that the neutron flux was uniforn over the 
whole angle at the target interespted by the cample when making this 
correction, 

In the foliewing disqussion, the total neutron energy spread 
due to target thickness ie represented by Ak, and that due to the 
solid angle intersepted by the eample by O%, , The actual values of 
Ax, and O&,, for the anergy range covered in this experiment, were 
ealewlated with the aid of a table, “feutron “nergy as « Fanetion of 
Proton Inergy and Angie for the 11'(p,n)Be! Reaetion,” prepared by 
Willard (WG), 

Let 1¢ be assumed that the creas section for the formation 
of the metastable state ie constant over the energy spread, A 5,, and 
that the neutron beam is moncergie at sero degrees ( 53 = 0), Then, 
as the angle at the terget increases, the increment of annular area on 
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the sample, astociated with @ epscific increment of Ax, alec in~ 
creases, Therefore, the number of nentrone of a epecific energy 
striking the semple inereases aa the angle at the target inereases 
and the neutron energy decrenses, The sean neatren energy, consld- 
ering energy dependence on angle only, ie rigorously calewlated te 
ve [8° 07248, | . The scintillation counter, decmse of 
geometry, counts the decays ceeurring near the outelde of the sample 
lese effielentiy than these eceurring at the center of the sample, 
This tends te counteract the effect deseribed above, and the mean 
energy of the effective neutrone may be taken ae approxizately: 
[ie 5 45] 

Then the total eorrestion to be aubtracted from H., ae 
euning « rectangular number-energy distribution for the spread of 
neutron energy due to target thickness, ie apprexiuately: 

[0.5 Ae +05 Am,| . Modus (3) hes derived a forms whieh 
ineludes secondary effects due to changing curvature for waking 
this type of correction, The simplification of NeGue's fermi, 
show below, gives an approximate, but convenient, method of making 
the desired correction te the neutron excitation curve, 


AN(R da h/3 Ma) - 6 et 9) + 6 ACR +S) 
Fine * Macinum neutron energy read from Figure 11, 


> = 0.5 Ax, +05 Am « 
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A(X) © induoed activity for energy X read from Figure 11. 
Sean” “nae” 2 * Meee Houtron energy on corrected axei~ 
tation curve, 

ACE 4) * intueed eetivity for mean neutron energy on 

corrected excitation curve, 

The use of the shove approximation 4s justified because it 
involves only a slight deviation from the true correction, which is « 
@usll per cent of the total induced setivity, Phis correction coos 
not apply at the thresholds for the formation of the metasteble state 
and higher exmeited levele (indicated by sherpechanges in the slepe of 
the exoitation curve) er in the enerey intervar oma te [An + Aa,| 
above these thresholds, then the maxis neutron energy is just equal 
to the threcheid energy, the correction mst be sere because only 
neutrons with the thresheld energy are contributing to the exe tation, 
At en energy [An + Ax, | cove the threshold, 211 the neutrons 
striking the sample sre potentially effectivs, and the correction be- 
@ones applicedie, In the region where the correstion, aacording to the 
adeve forms, is not eppliesble, the true correction is very csompli-~ 
ested end cdependea on the fraction of a1) the neutrons striking the 
semple which is effective in exusing extitetion, es well as on An, 
ant AX, , The smount of experiments) data obtained in these critical 
regione was inmffictent te allow waking an eecurste correction te these 
pertions of the uncorrected exeitetion curve of Pigare 11, 
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HeSue’s simplified formle wae applied te the exsitetion curve of 
Figure 11, exeept in the erities) regions sheve the three thresholds, 
In these regions, the correction varies from sere at the threshold 
to the magaitute gives hy the formula at an energy of (Aa + 4 3.) 
shove the threshold, The corravted eurve ia shown in Figure 12, The 
shape of the curve ix the uncertain regions above the thresholds has 
been estinated by extrapolating the know: pertions of the curve baci 
to the threshold energies, Fron the erose-section standpoint, the 
nest iumortant part of the exeitation eurve 1a between the threshold 
for the fornation of the metastable atate and the firet exeited level 
gbove it. Sinee thie portion of the ourve ie relatively flat, a 
slight error in the shape of the curve just abeve the threshold ie not 
very serious, It should de noted thet the threshold and the exeited 
levels oceur at the same energies on beth Figure 11 ond Figure 12. 

The corrected sxaitation curve indicates that the thresh- 
holé for exoiting the metastable state is 400 = 25 Kev, fhe presence 
of exoited levels at 720 > 20 Kev and at 1.15 > 6,02 Mev ie also evi- 
Gent, The arrore assigned above are due te uncertainty in determining 
the target thickness, in correcting for interfering half-lives, target 
thickness, ete,, and in drawing the curve itself, 


Batasteble state 


A knowledge of the absolute croas section for the formation 
of the metastable state may facilitate assignment of a value to 
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the orbits] anerlar momentun of the nentron which exeited the stete, 
The determinstion of this erees seetion from the experinente] dete 
@ivendy obtetned requires * tmowledge of the absolute neutron flux 
ineléent on themmple end of the efficteney of the scintillation 
eounter for counting the decay of the netasteble state, 

The absolute neutron flux wee deternine? for one point on 
the exeitation curve by utilizing Henson, Taschek, and Willteme’ (27) 
dete on neutron yield from the tt! {n,m) reeetion, A eample wae in 
radiated for one hour with neutrons from « 3.1Ner preten bear 
{noldent on a -kilevolt lithtium terget. Haneon ef al, report that 
a@ 3.l-ver proton beam on a 4O~rilevelt target yields 4,3 x 10°nentrone 
per mierocoulon® per unit eolff angle at sero degrees, Asouning that 
the yield ie directly provertionsl te target thickness at this energy, 
the yield during the one-hour irradiation of the cadmium sample was 
3.2 x 16° neatrone per nicroconiond per unit eolf1d angle et sere de» 
qrees, The total nusber of miereeoulombe recorded by the beam current 
integrator of the Rockefellor generator during this run wae 20630 . 
the solid angie intercepted by the J-om, Aieneter diek leasted 4 em, 
away 19 0,396 steradions, Therefore, 2.62 = 20"° nevtrone traversed 
the sample during the irradiation, This sample wes alee counter! in 
the seintillation counter for \S minutes, starting 15 wimutes after 
the end of the irradiation, The induced activity fer this run, ex 
pressed as scintillation-counter counts per ineident neutron was 
7.56 210°", ‘the induced activity from the exoitation curve of 
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Figure 22 for the same mean neutron energy, 1.357 Kev, te 8.48 » 207% 
scintilietion-counter counte per long-counter count, The carve of 
Figure 12 say de normalized te give induced eotivity in terme of eoin- 
tillation-ecounter counts per ineident neutron by multiplying ite 
ordinates by the ratio (7056 » 20° %/¢,4e x 107 « 6.92 x 107", 

The resolving tine of the acintillation esunter was net 
short enough to diserininate between the decay of the 46, 6-ninute note~ 
stable state and the deoay of the # x 10°°.escnnd metastable etate, 
Therefore, each transition fron the 0,.396eKev level to the 0,247~Her 
level is accoupanted by & simaltansous transition from the 0. 207 —Her 
level te the ground state, Both gamuerey transitions are partially 
internaliy converted, All the vosvible radiations available te the 
counter frox thie desay sehene are liated below 

(a) ©, 1N9.Mew uneonverted gauas ray, 

(%) 6,.123-Her conversion eleetren, 

(e) 0, 287-New unconverted gamma ray, 

(@) 0, 22l~itev conversion electron, 

(e) ©, 026—Ker cadmium Koray, 

| The 0, UQ-er gama rey ie 92,25 per dent internaliy eon- 
verted (a @ 12) ant the 0.24]~Hev gem ray ie 9,09 per cont intern 
ally converted (« » 0.1) (1). The range of the 0.22l-ver electrons 
in eadwive fn 0,005 on, and the oanple ddake were 60,1625 om, thick, 
Therefore, only the 0.005 om, layer on the outeide of the disk toward 
the counter fo effective in enitting electrons, and the wunber from 
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this source is negligible. The 6,12}iev electrons have e wach shorter 
range, eo their effect ie oven more negligible, The self absorption 
of the X-rays, 0.14)-ler gama rays, and 0,247-ev gamma rays in the 
eainium disk ia 9% per cent, 4 per cent, and 20 per cent, reapent~ 
ively, A comprehmeive treatment of all the melear date given above 
indieates thet 86 per cent of all the radistion exitted during the 
Aecsy of notestadic Ga?"* 19 0, 247-Hev unconverted game rays, Singe 
the counter efficieney probably inereases with increasing guine-ray 
enersy, the 0, 247-\ev ganse ray may be an oven greeter fraction of 
the total effective radiation, Therefore, in determining the effi- 
Cloney of the scintillation counter, it will be asouned that only 
the 0.2¢7-Ker gamma raya are counted, Of course, the total nusber 
of counts reconied by the seintilistion counter {neludes 1, 5Her 
beta rays from the decey of 28-hour 04°"? ana os6.ter beta rays, 
1, i3-Hev bete reye and 0,52-Nev gamma reye fron the decay of 2.57- 
aay 04725, ae well as the redintion from the decay of metastable 
soa"? art of the unwanted radiation fron 04") ang ca”? 46 om 
eluded by the vindow of the differential diserininetor and the re- 
neinder hae been separated from the radiation emitted by decaying 
netastadle *ca™? ny the half-Life-separation method alvendy de- 
scribed in « previous seotion, 

ng”? decays with a NS-day half-life by omitting # 0.210- 
Hew beta vay and a 0,.279-ie" gana ray, This isotope woe readily 
available at the tine of this favestigation, Sines it omits « 
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Gingle geome ray of nearly the same energy a6 the 0,247~Kev gama 
ray fron netastable *Ca""* and aleo has « relatively long Lifetine, 
ng”? wan chosen as & standart for estinnting the efficiency of the 
scintillation counter for detecting the decay of netastable *ca!"), 
Sone Hg’ vas sealed betwoca tro lucite diske, 3 om, in dianeter 
and 1/16 ineh thick, tho uniform distribution of the He”? vetween 
the diske gave ayproxinately the sang counting geometry as that of 
the cadaiun series, The Iusite completely absorbed the beta rayp. 
The method of determining the sbsolute vate of gemna-rey enieston 
Wy the standart 18 deseribed in Appendix 3, me 

ia Ab the time the efficianey of the scintillation counter wes 
doternined, the Te"? standard ontttod 1.207 10° game.zays ver 
second, ‘The activity of the standard, the nininun acceptedle to 
the platimaeerem puma-rey counter used for standardisation, ves 
sufficient to jam the register of the differential disertminator. 
Therefore, an Atomic Instrument Company Model 105 decade cealer vith 
© qumenthensh Ghemrintaater wae weed wih Sp oes, er 
for the efficiency determination, the Hg? standard enitted — 
2.98 x 10° mea rays turing & Winntonte counting period, and the 
decade sealer sctusily resorted 1.672 x 10° counts during Yate ting, 
Tate gives a counter offioteney of 0.56 per cet, Since the differ 
ential disetininator vas used for the experinental mune, thie figure 
must be corrected to take into secount the radiation vhich 1s am 
cluded by ite vindow, and a correction mat alec be made for the 
radiation which is self-sbeorbed in the eadmiun sample. 
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(bo) Deteraine the absolute nusber of decays for this 
apecifie ran by applying the effieclencg obtained 
with the decade scalar and the ig” standard, 

(¢) Mater the curve of Figure 12 at the mean neutron 

enevgy used in (a) and normalize the eurve te the 
adsolute value determined in (b). 

The above procedure was aot used because the window ef the 
adigvferential discrininater excludes a large part of the unwanted acti- 
wity fron the decay of 0a’) gna ca™™?, vnion 19 counted by the deogte 
scaler. 

The eryose section for fornation of the metastable state was 
couputed by use of the following formala 
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ie wetdcith 


I, * neutrons ineident on the same, 

I « newtrons whieh traverse the semis without exeiting 
the metastable state. 

1, - I © neutrons exeiting the netastable state, 

n © the nunber of scattering melet per en” of sample, 

GS @ eross section for formation of the metastable state, 

% @ thickness of the sample, 


The spyropriate calewletion indidetes thet 0,383 of all the 
eat melei exeited te the metastable level during the irradiation 
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desay during the 'S—mimate counting peried. Therefore, the quantity 
(t, » I) aleo equale the absolute sunber of deeays ocourring during 
the counting period divided by 0.383. After final simplification: 


of 
a @ 0.686 x ordinate of Figure 12, 


Figure 15 te @ graph of the cross section for formation of 
the metastable states plotted against the mean energy of the incident 
neutrons. The ordinate of this curve is subject to an estimated error 
of = 25 per cent due tos 

(a) The probable error in the ordinate of Figure 12. 

(>) The uncertainty in the absolute rate of ganna-ray 
emission by the Hg"? standard, 

(e) The assumption that the seintiliation counter counts 
only the 0.2%7-Mev gama ray from the decay of the 
netastedle state in ca’!?, 

(a) Srror in determining the absolute neutron flux, 


Somparison of the Theoretical end Bxp: 

A eomparison ef the experimental cross section for the forna- 
tion of the metastable state with the theoretical cross section, 
GS (2), tor the formation of the compound meteus, Ct’, a9 » function 
ef for the incoming neutron allows the assignnent of a maximun value 


to the crbital angular nonentum the neutron can carry in, The quantity, 
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SL), was denn cnlewtated following the method of Blatt and 
Vateskep? (33, as desorthed in Chapter If, for the neutron-energy 
wegion from 0.2 Kev to 1.2 Nev for values of 0 from sero through 

5. It whould te noted that these eslowlations involve the kinetic 
energy of the neutron in the center of mace aysten, Bewevrer, sines 
ca" 46 a relatively heavy melons, the kinetic energy of the 
neutron ie eesentially the sase in both the center of masse and the 
laboratory systens Thone S,( 1)*s which are in a range a few orders 


- of magnitude above and below the experimental crose section for the | 
S guvention of the setestabdle state are plotted ageinet mean neutron 

; © enevey in Pigure 1h, The experimental eroes section in the vicinity 
of the threshold hae also been plotted on the graph in Figure 14, 
_, Bee curves of Tigure 14 are plotted on seni-log graph paper in order 


- that a practiesl soale nay be used for the vertionl coordinate, Ar 
F eiseenheeteh ‘ealtiashien of Cems otitis Cabtainee Woh the uak tai 
lar monentus whieh @ neutron esn carry inte the compound nueleus ie 
fas. 

AS RE ey Sip Pe ne ee ee 
the compound nucleus to « specific excited state, ts else given in 
Chapter It, An taepegtion of the formulas tor (1) ant ¥, shows 
that for the ease of L = 0, the cross section <,(0) decreases as 
(a 112)" cat, snavetonny the soeeaihitie Ut tenty So the teeetiee 
state aesoctated with %, inereases as (2 ~ 3,,)7/*, vhen an Le 


neutron ie emitted in the decay of the compound mocleus, the probability of 
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deony inoresses as (4 ~ 2,7” end, in general, as (3 ~ 2,,)¢ Lease), 
A mathenationl analysis of these formas indieates that if the decay 
cooure by the enteston of an fl = 0 neutron, the curve of ¥, versus 
neutron enerey evproaches ite threshold perpendiquler te the horizontal 
axis, For the case of higher ‘values, the curve approschet the 
threshold tangent te the herisental axis. ine. 
Wapn the expavtnenteh ovens etshian der thn eae of 
Wid metectadle state fe divided dy the creee section for the fovnstion 
of the compound nucleus, the remiting quantity is ¥,, the probability 
that the compound nuelews will decay to the metastable state, Such @ 


 emleuletion wes eerried out veing the experinantal cross section for 


the formetion of the netactadle state and the theoretical value of 


v2 cs {3). The curve of ¥, Versus mean neutron energy 8 shown in Figure 
 ' «Fhe shape of thie curve in the vieinity of the threshold indlestes 


ban ve L. © 0 emanen.te eothtel tren Yas eee eae | The curve 
davtetes tron the (2 9.) gsove on the nantuen enavey tnevesces 
shove the threshold value, because competition from decay to levels 
other than the metastable state commences as the onergy increases. 
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¥. GONOGLUSIONS AND SUGGMSTIONS FOR FURTAER INVESTIGATION 
DISCUSSLOY AMD SUMMARY OF BUSULTS 


The neutron excitation curve obtained during thie investi- 


gation indicates that the threshold energy for the formation ef the 


metastable state te 0.100 Nev and also revéals the oxistenes of 
energy levels at 0,72) Kev and 1.150 Mev, The location of the aeta-~ 
stable state is euventiy aceepted as 0.396 Mev above the ground 
state. Therefore, the neutron excitation curve tndigates the direst 
excitation of the actastable state, The existenes of the 0,720-¥er 


“" qneray level has act been reported prericusly, The 1,190-Mev energy 


level 19 probably the sane one vbSch Wiedexback (¥7) obtained by 
doth photon and electron dDowbardesat and te waieh he essigned the 
energy of 1.250 Hev, The results of thie tavestigation and these 
Pemulte ebtained by Boel (21) indleate that neutron excitation gives 
slightly lower values of energy than photen or electron excitation 
gives for what are apparently the sane lerela, 

The comparison ef theoretical anf experimental eress see~ 
tions indiestes that an | = 3 neutron forme the compound musleus, 
which then enits on | © 0 neutron, If the metastable state ie ex- 
eited dirsetiy, coneervation of angular momentum and parity for the 
above [ values gives the netastabie etate a possthie engular non- 
entun of 9/2, 7/2, oF 5/2 und © parity Aifferont han that of the 
ground otate, Ageording to Pigure §, the most prebeble value of 
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angaiar momentum for the setastable state, when ite parity is differ 
ent then thet of the ground etate, is 13/2 and the 0, 140-Ner traneition 
is by electric 2 rote radiation, while the 0.247-ler treneition ia by 
magnetic quadrupole radiation, An angular somemtun of 9/2, 7/2, or 5/2 
for the netaatable state is possible for this decay scheme, Wat mach 
Less probsble than 13/2, The probability for the above possible 
values decreases rapidly o6 the magnitude of the angular momentus 
decrenses, 

Although the curve for the experimental ereea section shown 
in Baguve t bs chews the Qemetieal enve ter | 0%, O om 
dieser to the urve for | ©) then the eure ter | « 3 After com 
sidering the uncertainties involved in deternining the experimental 
Gross section, it is conceivable that the experinental curve may be 
0° much in error that ite true position should be below the | = & 
theoretionl curve, If this te the case, an { = & neutron axcttes 
the netastable state directly. If the pointe on the experinental 
erovs section curve retain their relative positions and the curre, 
aa a vholg, 6p cevah castanitiy Guinsash wtih 60 00 tet He 1 ob 
theoreties] curve, © now graph ciniler to the one in Figure 15 would 
@¥421 indicate that an {| © 0 neutron te enttted by the compound 
mugleus, These new conditions would give the metastable state a pos 
sidle anglar mowentun of 11/2, 9/2, or 7/2 and the sane parity as 
the ground state, An angular monentus of 11/2 and no parity change 
are consiatent and most probable, as shown in Figure §, for the 
assignnent of electric 2’=pole radiation to the 0. 1M-Key transition 
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and magnetio dipole radiation to the 6, 24]-Mer transition, The above 
values of sngilar somentuxc are aleo possible, but not prodebia, for 
the cave vhare the 0, 19-Nev traneition fo by eleetria 2 pote radia- 
tien and the 0,2%7~Ney transition ie by eleetrie quadrupele radiation, 

HeCtnnte (iH) has very reountiy ststed thet the 0,396-Ver 
Level hae an angular monentun of 13/2 and desaye by slectrie 2°<pele 
radiation to the 0.2%7-lev level and that the 0,247-Hev level hae 
an angular momentum of $/2 and deaeye by slectrie quetrupele radiation, 
These astignsente of spin and type of multipole give beth metastable 
atates the some parity ae the ground state, His determinations are 
Dased on o comparison of exparinental values ef half-life, conver 
elon radics, ete,, vith theoretieal relations presented in Rose! e (R1) 
tebles for the i conversion weffielent, (Reese's tables were not 
available to the author until after the interpretation of the axperi- 
mente] rewlte of this investigation had been sceomyliched). ieCinnis's 
@eeny schene is the one which the author initially esnsidered acet 
probable (see Figures), wt unfortunetely 1t does not agree with the 
most proboble values of angular nomentus ixdleated as possible by the 
e@perinentsl results of this investigation. 

tn”) gecays by electron capture to a O,N2OHew Level in 
ca"), me provable error in the threshold energy obtained by this 
investigation for exeiting the metestable state te of auch magnd tude 
thet the exeltation cerve could he read te indionte the direct exeite- 
tion of the 6. 82.«tew level and ite inmedinte deeay to the metastable 
state, The presence of the 0, 420-Ner level hes only been oheorved tn 
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gonnection with the decay cf ta, Attenpte to separate any 4G, 6- 


minute metastable egat tt fron decaying taht} have been uneuecessful 
(wh), #eCinnie hae sesigned an angolar momentan of 7/2 to thie 
level and reports that it deeays te the 0,24]-Nev level by the ente- 
sion of magnetic dipele radiation, If the ©.420-Her level wes 
exeited directly during this investigation by an | = 3 neato, the 
parity considerations of Medinnis's decay echese for this level are 
not satisfied, Direct exaltation of the 0.4a0-Her Level ty an [oh 
neutron is eoxeietent with parity considerations, bet very improbeble, 
Sinse the energy differential between the 0. 420~iev level and the 
0, Hb-Kev level is so amali, s transition from the 0.420-Mer level 
to the 46,6-nimte metastable level is even more improbable, There~ 
fore, it is very dowbtful that the 0,420-Hev level was exotted directly. 
Figure 16 shows the most probable decay achenes of those 
Considered poseible eo «1 reeult ef thie investigation, 


The neutron axeltetion curvé dheald be extended to higher 
energies in order to confire the energy levels at 1,68, 2008, and 2.56 
Hew obtained by Wedesbesk (W7) from beth photons end electron excitation, 

It 4¢ planned to retain the experiments) equipment, used dur- 
ing this investigation, intact for sowe time into the future, There 
fore, 49 Se wesemionded that eAtdtionel enperdnedbal werk be divested 
toward = better detersination of the absolute aroea section for the 
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MOST PROBABLE ASSIGNMENT OF ANGULAR MOMENTUM 
AND PARITY TO THE METASTABLE STATE OF Gd!!! 
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formation ef the metastable state, ais effort should lnelude «a con- 
firweation ef the abeclute neutron flux ineldent on the oauple by «a 
method independent of Kangon, Taschek and Yiliieme (£7), a more accu 
ate sethod of determining the efficienty of the sgiabillaticn counter, 
end o cayeful aqorinental analyeie, by other means than half-life 
aoparation, of the different kinks of raiiation detected by the 
gounter during the decay of netastadte *¢q™?, 

If the seintilletion counter is moved te a location in the 
near vieinity of the target room of the Rockefeller generator, an 
Lavestigation of the 2.3-uimte metastable °04", similar to the one 
deseribel in this report, may be male, Beoause of the relatively 
short half-life of metanteie *042"?, tne tine required for irradia 
tions and counting wili be wach lees than that spent during the 
investigation of setastable *C4""", the author has procured aigie 
of barium peroxide which may be used for another similar investiga- 
tion of the excitation of the 2.Genimte uotastable state in Ba” 
by facet neutron bombardment. it seems that the investigations of 
ca"? gaa aa? eouid be conveniently carried on at the oame tine, 

appendix 0 eontaine a brief summary of several unsacoess- 
ful attespte to obtein ngutron exeitation curves for ustaatable 
states in various isomers, This work was carried on before the 
final selection of Ga’”” ae « subject for thie investigation wae 
made, 
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APPIMDIX A 


ALTERATION OF THE SINGLE-CHARWEL DIFFARWITIAL DISCRIMINATOR 


fhe basie wiring diagran for the siugie-channel differ 
ential discriminator is the Laboratory for Buclear Seienee and 
Mugineering Drawing No, D~7¥1-A, File Gigo, This drawing calle 
for a 4700-ohn yesletance in the plate cireuit ef the first tubs 
of the diseriminater vhich ests the low aide of the windew (6a07). 
This resistence was reduced to 3700 ohne by placing an 16000-chn 
vesistance in parallel with the original 4700 ohms, ‘This alters- 
tion reduced the hysteresis in the diseriminaater eireuity i.e, the 


gored was reduced, uch a change lowered the mininwn setting at 
whieh the discriminator would operste. 
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DERERMINAPION OF TH? ARSCLUER RATS OF GAPOLRAY RKESOTON 
OF oe Rg? srannaRD 


& platinun-sereen gamma-ray counter, Belonging to the Radfo~ 
aetivity Center of the i. 1,7. Phystes Department, vas used for estima 
Sing the ebeolute rate of gonma-ray eataston by a sample of He””>. 
thie eanple wis eventually used in eehimating the effietensy of the 
eting’Liation counter for detesting the deeay of metastable 0a!) 
The counter te cimiler to the >latimm-eerean counter tavestigated by 
Peagonk (P2) during hia determination of gaewe-ray counter afficleneteons. 

& table of factors has beam compiled by the Radioactivity 
Center for use of the ~latinun-sereen counter with a number of differ- 
eat isotopes, This table nekes it possibile to determine the abeolute 
number of disintegrations per unit time in « sample of any one of the 
isotopes by comparison of ite counting rete with that of a radius 
stendard when both are leeated the same dictance from the counter. 
The factors for several of the isetepes with relatively simple gamua- 
vay deeay schenes are plotted’ against the total energy of the gamma 
vaya asitted tn Figure 27, The feetor for tig” was obtained by ex 
trapolating this curve, The Hg”? ssmple and a radium elandard vere 
counted for equsl pericie of time at equal diatances from the counter, 
Rane were uade at several disteneee from the ecunter to ineure that 
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the gocuetey of the semplo ard the radive stenderd wee approziuately 
nat counting rates from the aample and the radine stenterd st the 
— etntehtitn ins ethan tn be i en ste 

- far the stentart as the ratte of thaty chectute Aistutermatton rates, 


Kamen vould have boon nore desirable, Moverer, none of the ealt~ 
brated Leotopes had total gummeray anersioe aorrexinating the alngle 
q «cena haaagneegaammaaa cass: amine: 
| mitetion fron natastente +cat), 
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APP S2BIX G 


PRELIVINAMY Be MRITS IN PROMICING AND DUPROTING 
THR DRGAY GF HUPASTARLE STATES 


Samples of Bh”? yore irradiated with fagt neutrons for one 


standpoint, it should be an ideal subject for this type of investiga 


tion Beamse no interfering decays vill ceour, The netastable state 
deeays by the mmission of 6 0,032-New gamma ray, Uidently the cress 
aection for the formation of the natasteble state io wery axall or 

the counting equipment wie not sansitive enough to deteot the lew an- 


ergy radiation emitted, Wedenbedk (2) seporta observing the decay 


of metastable “Hh? wath deliente counters nade of vhodiua, 

Samples of Ob” vere irradiated vith fast neutrons for one 
hour, but the desay of the i2day metastable state was not detouted, 
This failure was probubly due to the relatively ahort tine of irratie- 
tion, Use of the Rockefeller generater for a period of tine comparable 
to the halflife of the uotastadle state ko obviously inpoest bie, 

A smempie of nevenry depoaited on a gold backing wae irradiated 
with fast neutrons for one hour, but deosy of the 4S. G-nimute metastable 
state in tg” was not detected, The failure wae probably due to a 
mall arose section for the formation of the metastable state and an 
ineufficient stundence of the tectepe, Hg”, in natural nereury. 
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